Chirality is ubiquitous in nature and fundamental in science, from particle physics to metamaterials. The most established technique of chiral discrimination -photoabsorption circular dichroism -relies on the magnetic properties of a chiral medium and yields an extremely weak chiral response. We propose and demonstrate a new, orders of magnitude more sensitive type of circular dichroism in neutral molecules: photoexitation circular dichroism. It does not rely on weak magnetic effects, but takes advantage of the coherent helical motion of bound electrons excited by ultrashort circularly polarized light. It results in an ultrafast chiral response and the efficient excitation of a macroscopic chiral density in an initially isotropic ensemble of randomly oriented chiral molecules. We probe this excitation without 1 arXiv:1612.08764v1 [physics.atm-clus]
the aid of further chiral interactions using linearly polarized laser pulses. Our time-resolved study of vibronic chiral dynamics opens a way to the efficient initiation, control and monitoring of chiral chemical change in neutral molecules at the level of electrons.
The macro-world gives us many examples of chiral dynamics created by helical structures which convert rotations in a plane into translational motion orthogonal to it, from the Archimedes screw to plane propellers and household fans. In the micro-world, the electrons bound inside chiral molecules should develop a similar helical motion when excited by planar rotation of the electric field of circularly polarized light. Electronic excitation by circularly polarized light has been used to distinguish right-handed from left-handed molecules since 1896 1 . The technique, called the photoabsorption circular dichroism (CD) 2 , is based on the difference in the absorption of leftand right-circularly polarized light in chiral molecules and remains the go-to tool 3 for analysing properties of biological molecules, providing indispensable information on their structure, kinetics and thermodynamics, interaction with the environment and with other molecules. However, it does not rely on the helical nature of bound electron currents 4 , but uses the helical pitch of the light wave instead. This pitch, given by the wavelength of the absorbed light, λ 2500Å (1Å = 10 −8 cm), is barely noticeable on the molecular scale of ∼ 1Å, leading to very weak signals, three to four orders of magnitude less than the light absorption itself. Formally, the chiral-sensitive part of the light-induced excitation requires the excited electrons to respond to both the electric and the magnetic field of the light wave 5 , see Fig.(1a) .
Remarkably, in spite of extraordinary recent advances in developing new methods for chiral 2 discrimination that do not rely on the magnetic properties of the medium [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , none has relied on detecting the helical motion of bound electrons. Is it possible to excite and probe such motion? We demonstrate both theoretically and experimentally that one can (i) induce chiral stereodynamics of bound electrons without the help of magnetic field effects, a new phenomenon we call PhotoeXcitation Circular Dichroism (PXCD); (ii) probe it with linearly polarized light without the help of the further chiral interactions that are usually presumed to be a prerequisite for chiral discrimination. Coherent excitation substitutes further chiral interactions at the probe step by coupling to a different quantum state of the same chiral molecule.
Exciting chiral dynamics in bound states
A hallmark of helical motion of bound electrons is the appearance of an induced dipole orthogonal to the polarization plane of the exciting circular light. We first show that an ultrashort pulse creates such a dipole in a randomly oriented molecular ensemble. Let the electric field of the pulse, rotating in the x-y plane, coherently excites two states (Fig.1b) and |2 is lost and reflects dynamical symmetry breaking in an isotropic medium.
The oscillations of the PXCD signal Eqs.(1,2) appear to suggest that probing it requires the 4 combination of ultrafast time resolution and chiral sensitivity. We now show that time-resolving PXCD does not, in fact, require a chiral probe. The coherence underlying PXCD allows a chiral object to 'interact with itself', albeit in a different quantum state, thus mimicking interaction with "another chiral object" and removing any need for other chiral interactions during the probe step.
One such non-chiral probe, termed PhotoeXcitation-induced photo-Electron Circular Dichroism (PXECD), is introduced below.
Probing chiral dynamics in bound states
One way to probe the excited chiral density is to promote the chiral wave-packet to the electron continuum using a linearly polarized pulse (Fig 1c) . As shown in the SI, the standard photoionization observable, the photoelectron current averaged over molecular orientations, is: First, the electron current Eq. (3) is proportional to the helicity σ of the pump pulse. Second, as transitions to the continuum are described by complex dipole vectors, it contains two triple products. Just like the triple product
will change sign upon reflection. Thus, the electron current reverses its direction if the handedness 5 of the pump pulse or of the enantiomer is swapped, showing that PXECD is a genuine chiral effect.
The chiral nature of the response arises only if the participating bound states are coherently excited.
Once the coherence is lost, the chiral signal will also disappear.
Importantly, the state of the continuum (Fig 1c) does not need to be chiral, as it only provides a link between the two chiral bound states. J P XECD z (k) remains chiral even for a plane wave continuum (see the SI), in this case D 12 (k) only has an imaginary component:
The total photoelectron current J Probing the created chiral excitation using photo-electron imaging with linearly polarized
light constitutes yet another new phenomenon, PhotoeXcitation-induced photoElectron Circular Dichroism (PXECD). PXECD is reminiscent of the Photoelectron Circular Dichroism (PECD) 7-9, 16-18, 21 , which arises when a circularly polarized light is used to photoionize a chiral molecule.
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However, there is a fundamental difference. PECD can only exist if the molecular potential felt by the emitted electron is chiral 7 (the effect becoming negligible for photoelectron energies above 10 eV), while the initial orbital may or may not be chiral at all 22 . It is also clear from the diagram of PECD in Fig 1 (d) . The continuum state cannot merely serve as a non-chiral link, as in this case it will only mediate the coupling of the chiral object, the molecule in the ground state, "to itself" rather than to another chiral object.
In contrast to PECD, the PXECD requires neither chiral light, nor chiral scattering of the photo-electron. Since PXECD does not require the technically challenging use of ultrashort circularly polarized XUV pulses [23] [24] [25] [26] [27] , it opens unique perspectives for ultrafast chiral-sensitive measurements using readily available linearly polarized UV and XUV light from table-top high harmonic generation sources, with no restrictions on photoelectron energies.
We shall now confirm both numerically and experimentally that our scheme provides a sensitive time-resolved probe of chiral molecular dynamics in bound states.
Theoretical analysis in fenchone
To quantify the PXECD effect we performed quantum mechanical calculations on fenchone molecules (see the SI). First, we simulated the PXCD phenomenon and calculated the excitation of the s-and p-manifold of Rydberg states in fenchone by a circular pump pulse. The resulting electron density of the Rydberg wave-packet is asymmetric in the z-direction in the momentum space. The asymmetry reverses if the helicity of the pump pulse or the handedness of the molecule is reversed. The Fig. 2(a) ). The asymmetry of the charge distribution corresponds to a macroscopic dipole moment d PXCD z which reaches 3 Debye (Fig. 2(b) ) and oscillates at frequencies determined by the energy differences between the states forming the electronic wave-packet. The calculated pump-probe PXECD signal reveals these oscillations (Fig. 2c ). While few-femtosecond pulses would be needed to resolve them, the PXECD signal can also be detected with much longer pulses. Fig. 2(d) shows that both PXCD and PXECD survive temporal averaging over 100 fs duration of a probe pulse.
Observation of PXECD in fenchone
In our experiment, a circularly polarized femtosecond pump pulse at 201 nm (6.17 eV photon energy, 80 meV at 1/e bandwidth) photoexcites enantiopure fenchone molecules from a supersonic gas jet in the interaction zone of a velocity map imaging spectrometer. The molecules are excited to their first (s-and p-) Rydberg bands through single-photon absorption (Fig. 3 (a) , see the SI). and the photoelectron spectrum (PES) as P ES = (LCP + RCP )/2. Both are shown in Fig. 3(b) for a 200 fs pump-probe delay. As expected, a significant PXECD signal is observed, reaching 1 % 28 in good agreement with our calculations (Fig. 2(d) ).
The photoelectron spectrum contains a single broad component, corresponding to ionization from the outermost orbital (vertical ionization potential 8.72 eV). The position of this component does not shift with the pump-probe delay (Fig. 4 (b) ) and decays in 3.3 ps, reflecting simple vibronic relaxation of the Rydberg population onto lower states which cannot be photoionized by the 3.1 eV probe photons. The temporal evolution of the PXECD image shows much richer spectroscopic features, which can be analyzed by decomposing it in odd Legendre polynomials ( Fig.   4(a) ). We note that a sum of first-and third-order Legendre polynomials, with coefficients α and α , is enough to get the PXECD images. Both coefficients maximize around ∼ 50 meV below the maximum of the PES. The PXECD signal (Fig. 4(b) ) can be decomposed into two components: below and above the maximum of the PES. The low-energy component of α undergoes a rather smooth decay. On the contrary, its high-energy component decays very quickly and even changes sign around 1 ps. For α the behaviour is opposite, i.e. the high-energy component shows much slower dynamics than the low-energy part. Such time-and electron energy-dependent behaviour is characteristic of internal vibrational torsional motion and may indicate the change of the chiral structure of the molecule induced by such motion. Indeed, the electronic excitation of the molecules is expected to be accompanied by a significant vibrational excitation, since the equilibrium geometries of the 3s and 3p Rydberg states are quite different from that of the ground state.
The molecules will tend to relax towards the equilibrium geometry of the Rydberg states, and oscillate around it. Figure 5 illustrates the influence of this change of molecular geometry on the calculated PXECD signal. Even small bond length changes (≤ 7%) lead to significant modification of the PXECD signal. This demonstrates the remarkable sensitivity of PXECD to molecular vibrations, which follow the electronic excitation. At 4 ps (not shown), the PXECD completely vanishes while the Rydberg population is still significant. This result unambiguously reflects the loss of wave-packet coherence which halts chiral dynamics in our experiment.
Vibrational PXCD: experiments in camphor
Is it possible to create PXCD from purely vibrational excitation of a chiral molecule? Theoretically, the two excited states in Eqs.(1,2) needed for PXCD do not have to be different electronic states.
Vibrational states within the same electronic state can also fulfil the PXCD condition as long as their dipoles are not collinear, see Eqs. (1, 2) . As shown in the SI, this requires the breakdown of the Franck-Condon approximation, which is caused by a strong dependence of the electronic wave-function on the position of the nuclei. In turn, such dependence leads to the appearance of electronic currents stimulated by the nuclear motion, which is triggered by the pump pulse. Thus, vibrational PXCD is intertwined with the underlying chiral motion of electrons. Note that this strong dependence of the electronic wave-functions on the nuclear positions naturally arises in the vicinity of conical intersections between electronic potential surfaces. Thus, we expect that PXECD could be used to excite and reveal coherent chiral dynamics at conical intersections.
To gain further insight into the role of electronic versus vibrational dynamics in PXECD, we performed measurements in (1R)-(+)-camphor, a very similar structural isomer of fenchone. The s-and p-Rydberg bands of camphor are upshifted by additional several tens of meV compared to fenchone, preventing direct excitation of the p-states and thus of an electronic chiral wavepacket. Nevertheless, the experiment still reveals a strong PXECD signal, indicating that a chiral vibronic wave-packet has been created in the s-Rydberg band of camphor. The α coefficients in camphor and fenchone are of opposite sign as seen in multiphoton 29 and one-photon PECD 17 .
In our experiment, this could be a consequence of PXECD sensitivity to isomerism (see Figure 5 to gauge the sensitivity to nuclear configuration), but it could also be a signature of the different nature of the excited chiral electronic currents in fenchone and camphor. Changing the excitation wavelength from 202 nm to 200 nm does not affect the monoexponential decay of the PES. In contrast, a strong change is observed in the PXECD: the α magnitude is almost twice as large and it is shifted in energy towards the red wing of the photoelectron spectrum. The drastic change observed in the PXECD signal in camphor once the pump photon energy is increased by only 60 meV illustrates the extreme sensitivity of this measurement to the excited vibrational dynamics.
Conclusions and outlook
We have demonstrated two new phenomena. First, we have shown the efficient excitation of a macroscopic bound chiral electron density in the excited states of randomly oriented chiral molecules without the help of magnetic interactions (the PXCD phenomenon). In the dipole approximation the chiral pitch of circularly polarized light vanishes. This means that the creation of the macroscopic chiral density in the isotropic ensemble of chiral molecules is based not on the helical structure of light, but on its planar rotation.
Second, we have shown that the resulting chiral dynamics can be probed without the help of further chiral interactions and thus in an efficient and versatile way. The detection relies on photoelectron circular dichroism arising from the ionization of excited molecules by linearly polarized light pulses (the PXECD phenomenon), but is not limited to this scheme. The application of a linearly polarized XUV probe in PXECD would enable genuine probing of ultrafast chiral bound dynamics, since PXECD does not require chiral interaction in the continuum, which becomes negligible for sufficiently high-energy electrons.
The ensemble-averaged chiral charge density arising in PXCD implies asymmetry in charge distribution along the light propagation direction. Depending on the medium density, this could lead to a very large coherently oscillating macroscopic dipole. The phase of this oscillation is opposite for two enantiomers, leading to macroscopic enantio-sensitive effects. The existence of the enantio-sensitive macroscopic dipole opens the way to the separation of enantiomers in isotropic racemic mixtures in the gas phase.
The PXCD phenomenon opens the way to direct visualization of chiral electronic density using time-resolved X-ray diffraction imaging, both in the gas and condensed phase. Intense ultrafast sources of X-ray radiation, such as Free Electron Lasers, combined with measurements, sensitive to valence-shell dynamics in the gas phase 30 should lead to few-fs time resolution of chiral charge dynamics.
Finally, PXCD could be used to drive molecular reactions in chiral systems in a stereospecific way, by imprinting a chiral torque via the helicity of the exciting circularly polarized pulse.
The ultrafast charge dynamics triggered by coherent electronic excitation is reminiscent of ultrafast charge migration triggered by photo-ionization [31] [32] [33] [34] [36] [37] [38] recently observed in ref. 39 and speculated to underlie charge-directed reactivity in cations 35 . computed assuming that pump excitation occurs at the ground state geometry while probe ionization occurs once the vibronic wave-packet has reached the 3s equilibrium geometry. The PXECD image is averaged over random molecular orientations and the 100 fs duration of the probe pulse.
